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1.	 Thresholds	 in	 the	relationship	between	species	 richness	and	natural	 land	cover	
can	 inform	 landscape-	level	 vegetation	 protection	 and	 restoration	 targets.	
However,	landscapes	differ	considerably	in	composition	and	other	environmental	
attributes.	If	the	effect	of	natural	land	cover	on	species	richness	depends	on	(i.e.,	
interacts	with)	 these	attributes,	 and	 this	 affects	 the	value	of	 thresholds	 in	 this	







land	 cover	 relationship,	 focussing	on	 the	extent	of	 natural	 land	 cover	 at	which	
thresholds	presented	among	landscapes	that	differed	in	matrix	land	use	intensity,	
heterogeneity,	productivity,	and	the	prevalence	of	strong	biotic	interactors.	We	




better	 fit	 than	 exponential	models.	 Threshold	 values	 did	 not	 vary	 consistently	






5. Synthesis and applications.	While	we	detected	an	 interaction	between	Manorina 
prevalence	 and	 the	 area	 of	 natural	 land	 cover,	 generalities	 relating	 to	 the	
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1  | INTRODUC TION
Numerous	applied	conservation	and	land	management	actions	focus	
on	 natural	 land	 cover	 and	 changes	 thereto	 (Desmet	 &	 Cowling,	












While	a	 topic	of	considerable	debate	 (Fahrig,	2017),	 a	key	 fac-
tor	that	is	considered	to	act	on	the	richness–natural	land	cover	re-
lationship	 is	 the	 configuration	of	 remaining	habitat	 (Haddad	et	al.,	
2017;	Hanski,	2015).	Andrén	(1994)	hypothesized	that	the	adverse	






(i.e.,	 dispersal),	 increased	exposure	 to	 threats,	 and	payment	of	ex-
tinction	debt	potentially	explain	why	richness	declines	rapidly	below	
a	threshold	value	in	low	cover	landscapes	(Swift	&	Hannon,	2010).
Numerous	 studies	 have	 detected	 thresholds	 in	 the	 richness– 
natural	 land	 cover	 relationship	 (Lima	 &	 Mariano-	Neto,	 2014;	
Martensen,	Ribeiro,	Banks-	Leite,	Prado,	&	Metzger,	2012;	Morante-	
Filho,	 Faria,	Mariano-	Neto,	&	Rhodes,	2015;	Muylaert,	 Stevens,	&	
Ribeiro,	 2016;	 Ochoa-	Quintero,	 Gardner,	 Rosa,	 de	 Barros	 Ferraz,	
&	 Sutherland,	 2015;	 Radford	 et	al.,	 2005;	 Richmond,	 Jenkins,	
Couturier,	&	Cadman,	2015).	Yet,	 the	extent	of	natural	 land	cover	
at	which	thresholds	have	been	observed	is	inconsistent,	and	ranges	
widely	 around	 Andrén’s	 (1994)	 30%	 “fragmentation	 threshold.”	
Understanding	 the	 factors	underpinning	 this	observed	variation	 is	













old	 in	 the	 richness–natural	 land	cover	 relationship	 in	 several	ways	
(Figure	1).
First,	 intensive	 land	 use	 in	 the	 matrix	 may	 act	 on	 thresholds.	
Landscapes	with	more	 intensive	matrix	 land	use	are	characterized	
by	harsher	edges,	reduced	permeability,	greater	exposure	to	threats,	
and	 provide	 fewer	 supplemental	 resources	 to	 those	 provided	 by	









Second,	 species	 richness	 typically	 increases	with	 environmen-
tal	 heterogeneity	 (Allouche,	 Kalyuzhny,	Moreno-	Rueda,	 Pizarro,	&	
Kadmon,	2012;	Chocron,	Flather,	&	Kadmon,	2015;	Stein,	Gerstner,	&	
Kreft,	2014;	Van	Rensburg,	Chown,	&	Gaston,	2002).	Environmental	








main	elusive.	Complex	 interactions,	 relating	 to	various	 landscape	attributes	and	
associated	ecological	processes,	likely	underpin	variation	in	threshold	values.	Until	
these	 complexities	 are	 better	 understood,	 the	 use	 of	 thresholds	 for	 informing	
landscape	management	 and	 conservation	 target	 setting	 should	 be	 approached	
with	caution.
K E Y W O R D S
fragmentation,	habitat	loss,	heterogeneity,	landscape	management,	Manorina,	matrix,	
productivity,	species–area	relationship




Third,	 richness	 tends	 to	 be	 positively	 correlated	 with	 produc-
tivity	 (Luck,	 Smallbone,	McDonald,	 &	 Duffy,	 2010;	 Storch,	 Evans,	
&	Gaston,	2005).	Per	unit	 area	of	natural	 land	cover,	more	 fertile,	
productive	habitat	might	be	expected	to	support	more	individuals,	
due	 to	greater	 resource	availability	 (Lindenmayer	&	Fischer,	2006;	
Maron,	 2008).	 Enhanced	 availability	 of	 resources	 may	 ameliorate	






















level,	 and	 particularly,	 the	 circumstances	 under	 which	 thresholds	
present.
2  | MATERIAL S AND METHODS
2.1 | Study region and bird data








As	we	were	 interested	 in	 the	effect	of	natural	 land	cover	on	
species	 richness,	 we	 focussed	 on	 native	 birds	 for	 which	 broad	
vegetation	 types	 including	 shrubland,	 woodland,	 and/or	 forest	
represent	a	key	habitat	component.	We	refer	to	these	species	as	
“woodland	birds,”	noting	 though	that	 the	members	of	 this	broad	
assemblage	utilize	a	range	of	structurally	varied	woody	vegetation	
types,	typified	by	Eucalyptus	spp.	and	other	associated	genera.	We	
included	 species	 that	 can	 also	 utilize	 cleared/transformed	 areas	
in	 addition	 to	 woody	 habitats	 (i.e.,	 for	 foraging),	 but	 for	 which	
the	presence	of	woody	vegetation	is	critical	for	their	occurrence	
and	 persistence.	 Species	 characteristic	 of	 open	 environments,	
and	 waterbirds,	 were	 excluded.	 Species	 habitat	 requirements—
namely,	 an	 association	 with	 habitats	 characterized	 by	 woody	






















year	 (April–September,	 October–March);	 and	 (d)	 must	 have	 less	
than	a	5%	change	in	total	“forest”	cover	for	the	period	2000–2012	
(Hansen	et	al.	(2013)	forest	cover	change	dataset—an	indication	of	
landscape-	level	 change	 in	 woody	 vegetation	 cover	 that	 approxi-
mately	coincides	with	the	bird	data	collection	period).	A	total	of	251	







We	 used	 the	 Australian	 Government’s	 National	 Vegetation	









on	 four	 attributes	 (Table	1).	 These	 data	 were	 used	 to	 categorize	





Environment	 (Beyer,	 2012).	 Maps	 of	 landscapes	 categorized	 by	
the	 four	 attributes	 under	 examination	 are	 provided	 in	 Supporting	
Information	Figures	S1–S4.
2.3 | Data analysis
We	 split	 our	 251	 landscapes	 into	 three	 subsets	 (terciles)	 for	 each	
landscape	attribute,	allowing	us	to	categorize	landscapes	as	having	




     |  1023Journal of Applied EcologySIMMONDS et al.
“low,”	 “intermediate,”	 or	 “high”	 values	 for	 each	 of	matrix	 land	 use	
intensity,	heterogeneity,	productivity,	and	strong	biotic	interactors.	
Thus,	we	created	terciles	of	the	data	for	each	of	the	four	landscape	
attributes.	While	 subsetting	 landscapes	 into	 terciles	 is	 arbitrary,	 it	
allowed	for	the	exploration	of	our	hypotheses	about	how	threshold	
values	 of	 natural	 land	 cover	 change	with	 increasing	 or	 decreasing	
values	of	particular	landscape	attributes.
We	fitted	threshold	models	to	the	terciles	for	each	of	the	four	
landscape	 attributes,	 to	 explore	 variation	 in	 the	extent	of	 natu-
ral	 land	 cover	 at	 which	 thresholds	 occurred	 in	 the	 relationship	





on	 the	 data	 split	 into	 three	 random	 subsets,	 that	 is,	 not	 subset	
according	to	landscape	attributes).	We	also	fitted	an	exponential	
model	 to	 the	 terciles	 for	 each	 of	 the	 four	 landscape	 attributes,	
to	approximate	a	“traditional”	convex	upward	species–area	curve	
(Turner	&	Tjørve,	 2005).	 The	 level	 of	 support	 for	 threshold	 and	
exponential	models	was	compared	using	Akaike’s	information	cri-
terion	(AIC).











land	 cover	 relationship.	We	 compared	 these	models	 to	 a	model	
in	 which	 area	 of	 natural	 land	 cover	 was	 the	 only	 predictor.	We	
included	the	random	effect	of	bioregion	in	all	models,	to	account	










these	 strong	 biotic	 interactors	 were	 more	 frequently	 recorded.	
However,	 for	 landscapes	 with	 high	Manorina	 reporting	 rates	 (and	




ent	 levels	 of	 land	 use	 intensity,	 heterogeneity,	 and	 productiv-
ity—the	 position	 of	 the	 threshold	 did	 not	 vary	 consistently	 as	
hypothesized	 (Figure	3).	 Furthermore,	 observed	 threshold	 val-
ues	 ranged	widely	 from	a	 low	of	17%	natural	 land	 cover	 (land-
scapes	with	 high	 heterogeneity)	 to	 a	 high	 of	 50%	 natural	 land	
cover	 (landscapes	 with	 high	 productivity).	 The	 null	 modelling	
exercise	we	undertook,	where	 threshold	models	were	 fitted	 to	




olds	 from	 the	null	model.	This	 indicates	 that,	with	 the	possible	
exception	of	landscapes	categorized	by	Manorina	prevalence,	the	
position	of	thresholds	that	we	observed	was	random	and	cannot	
be	systematically	associated	with	 the	 landscape	attributes	 that	
we	 hypothesized	would	 predictably	 act	 on	 the	 position	 of	 the	
threshold.
TABLE  1 Landscape	attribute	data	used	to	categorize	landscapes
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The	 inclusion	 of	 interaction	 terms	 in	 our	 linear	 mixed	 models	







4.1 | Threshold values and landscape attributes
Observed	 thresholds	 in	 the	 richness–natural	 land	 cover	 relation-
ship	 varied	 widely,	 but	 not	 in	 accordance	 with	 our	 hypotheses.	













on	 richness	 with	 increasing	 prevalence	 of	 miners.	 At	 sites	 where	
noisy	miners	occur	at	densities	above	2.5	per	ha,	species	abundance	
distributions	of	woodland	bird	communities	have	been	observed	to	
be	 significantly	 altered,	 with	 large	 declines	 in	 richness	 (Mac	 Nally,	
McAlpine,	Possingham,	&	Maron,	2014).	As	these	hypercompetitive	
birds	profoundly	 shape	Australian	woodland	bird	 communities,	 it	 is	
unsurprising	that	the	positive	effect	of	natural	land	cover	on	species	
richness	 depends	 on	 (i.e.,	 increases	 with)	 the	 prevalence	 of	 these	
birds.
Although	 our	 results	 agree	 to	 an	 extent	with	 previous	 studies	
showing	the	negative	impacts	of	Manorina	spp.	on	species	richness,	
our	findings	also	show	that	Manorina	spp.	impacts	need	to	be	exam-










biomass.	Also,	 the	measure	we	used	 to	categorize	 landscapes	and	
model	interactions—percentage	of	surveys	that	recorded	noisy	and/
or	yellow-	throated	miners	(reporting	rate)—does	not	reveal	the	den-
sity	of	 these	birds,	which	 is	 a	key	parameter	driving	 their	 adverse	
effects	at	the	site	and	patch	level	(Mac	Nally,	McAlpine,	et	al.,	2014;	
Maron	et	al.,	2013).	Landscape-	level	effects	of	 these	strong	biotic	




ΔAIC Threshold valueaAIC R2 AIC R2
Matrix	land	use	intensity
Low 662.78 0.22 659.08 0.29 3.70 43.7	(±8.6)
Intermediate 630.04 0.05 628.19 0.11 1.85 27.8	(±7.6)
High 679.89 0.15 665.57 0.31 14.32 27.4	(±9.3)
Heterogeneity
Low 631.16 0.05 624.69 0.16 6.47 21.8	(±7.6)
Intermediate 642.86 0.32 637.36 0.40 5.50 30.2	(±5.4)
High 657.42 0.09 660.96 0.10 −3.54 17.1	(±8.4)
Productivity
Low 630.86 0.17 616.67 0.33 14.19 21.5	(±5.0)
Intermediate 658.61 0.28 658.77 0.31 −0.16 20.8	(±5.6)
High 658.37 0.08 654.21 0.17 4.16 50.3	(±9.0)
Strong	biotic	interactors
Low 629.00 0.21 622.75 0.30 6.25 26.9	(±6.2)
Intermediate 651.32 0.15 646.71 0.23 4.61 30.0	(±7.5)
High 668.65 0.20 664.51 0.28 4.14 48.1	(±8.6)
aPercentage	landscape	natural	land	cover	area	at	which	threshold	occurs	(±error	around	threshold	
estimate).	
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The	 threshold	 values	 we	 recorded	 (17%–50%)	 tended	 to	 be	
within	 the	 range	of	 those	observed	 in	other	 landscape-	level	 stud-
ies	(i.e.,	from	low	of	10%	recorded	by	Radford	et	al.	2005	to	high	of	
50%	recorded	by	Morante-	Filho	et	al.	2015).	 Indeed,	 this	 range	of	
threshold	values	 falls	within	 the	 range	 returned	by	our	null	model	
(Supporting	 Information	Figure	S5),	where	 thresholds	were	 identi-
fied	for	random	subsets	of	our	dataset.	The	range	of	thresholds	we	
recorded	 was	 therefore	 consistent	 with	 what	 would	 be	 expected	




Model fixed effects Interaction term included AIC R2
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effect	 of	 area	 of	 natural	 land	 cover	 on	 species	 richness	 depends	
on	 other	 attributes	 of	 landscapes	 (i.e.,	 interactions),	 and	 how	 this	
may	 affect	 the	 position	 of	 thresholds.	 Yet,	 generalities	 underpin-
ning	 threshold	 values	 remain	 elusive.	 An	 interaction	 between	 the	
prevalence	 of	 birds	 of	 the	 genus	Manorina	 and	 natural	 land	 cover	
provides	 more	 evidence	 for	 the	 pervasive	 impact	 that	 noisy	 and	




environmental	 law	as	a	key	 threatening	process	 for	woodland	and	
forest	birds	(Department	of	the	Environment	and	Energy,	2014),	and	
















and	 notwithstanding	 landscapes	 classified	 by	Manorina	 spp.	 prev-





(b)	 the	 confounding	 effect	 of	 such	 interactions	 is	 controlled	 for	 in	
analyses	of	richness–natural	land	cover	relationships.
5  | CONCLUSIONS
Thresholds	 are	 an	 attractive	 option	 for	 landscape	 management.	
They	provide	a	discrete	target	and	are	simple	to	interpret	and	trans-
late	 to	 on-	the-	ground	 action	 such	 as	 guiding	 restoration	 projects,	
or	prioritizing	landscapes	for	protection	(e.g.,	protected	areas,	cove-
nants).	Our	results	indicate	that	the	factors	underpinning	thresholds	
are	 not	 likely	 to	 be	 simple	 nor	 are	 thresholds	 in	 observed	 sample	
data	likely	to	be	robust.	Despite	substantial	research	effort,	gener-
alities	 about	 the	 causes	 of	 thresholds	 are	 lacking,	 and	 substantial	
variation	 in	 landscape-	level	 threshold	 values	 continues	 to	 be	 ob-
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